Epigallocatechin gallate (EGCg) is a major form of tea catechin and has a variety of biological activities, including antitumor as well as antimicrobial activity against some pathogens. Although the biological activities of EGCg have been extensively studied, its immunological effects are not well known. In the present study, the ability of EGCg to modulate macrophage immune functions in an in vitro Legionella pneumophila infection model of macrophages was examined. The study showed that EGCg inhibited the growth of L. pneumophila in macrophages at a concentration as low as 0.5 g/ml without any direct antibacterial effect on the organisms. The EGCg selectively upregulated the production of interleukin-12 (IL-12) and tumor necrosis factor alpha (TNF-␣) and downregulated IL-10 production of macrophages induced by L. pneumophila infection in a dose-dependent manner, but did not alter IL-6 production even at a high dose. 
Tea (Camellia sinensis) has been used as a daily beverage for several thousand years since it was introduced as a beverage in China and is now the second most common beverage consumed by humans (37) . Even though it has been known traditionally that tea may have some beneficial health effects, such effects were not demonstrated by well-controlled laboratory studies until the 1970s (37) . However, current studies have revealed the biological effects of tea, such as antitumor as well as antimicrobial effects, even at the molecular level. The active components of tea responsible for such biological effects are now known to be catechins (also known as polyphenols), which constitute seven forms, including epigallocatechin gallate (EGCg).
EGCg is a major catechin compound in tea extracts and is also the most active form among the tea catechins in a variety of biological activities. For instance, EGCg has anticarciogenic (14, 43) , antioxidant (9, 14) , as well as antimicrobial activities (12, 34, 35, 38, 39) . Although the mechanism of antimicrobial activity of EGCg has been studied (12) , it is still unclear. However, the immunomodulatory effect of EGCg has been increasingly recognized, since the bioavailability of EGCg in plasma after drinking tea is known to be high (24, 25, 44) . In fact, it is known that EGCg potently stimulates the production of interleukin-1 alpha (IL-1␣), IL-1␤, and tumor necrosis factor alpha (TNF-␣) by cultured human peripheral blood mononuclear cells (31) . Furthermore, EGCg protects against UV radiation-induced immunosuppression and tolerance induction by reducing IL-10 production and increasing IL-12 production in epidermal and dermal cells (13) . However, the detailed immunomodulatory effects of EGCg on immune cells has not been investigated.
Legionella pneumophila, a gram-negative facultative intracellular pathogen, is the causative agent of Legionnaires' disease in immunocompromised patients. Even though there are extensive studies on L. pneumophila infection, particularly the mechanism of infection, how L. pneumophila infection of the lung is controlled is not yet clear. Nevertheless, it is widely accepted that the activation of macrophages to suppress intracellular bacterial growth is an essential effector mechanism in the resolution of legionellosis (10) . It is known that the Th1 cytokine gamma interferon (IFN-␥) can activate macrophages and monocytes to inhibit L. pneumophila growth (2, 27) . Besides the direct effect of the Th1 cytokine IFN-␥ to activate macrophages, Th1 cells play an essential role in the development of cell-mediated immunity to pathogens (11) . Both IFN-␥ and IL-12, which has a major role in the differentiation of the Th1 cell phenotype, are produced by macrophages. In addition, it has been reported that the inflammatory cytokine TNF-␣ is required for the prompt resolution of pneumonic legionellosis and points to a direct role for TNF-␣ in the activation of phagocytes (33) . Other inflammatory cytokines, such as IL-6, are also known to control infections (5, 18) . In contrast, Th2 cytokines, particularly IL-10, may facilitate growth of L. pneumophila in permissive mononuclear phagocytes due in part to IL-10-mediated inhibition of TNF-␣ secretion and IFN-␥-mediated mononuclear phagocyte activation (28) . Nevertheless, all of these cytokines, IL-6, IL-10, IL-12, TNF-␣, and even IFN-␥, are known to be produced by macrophages in response to bacterial infections and may be involved in the regulation of infection. Therefore, the modulation of production of such key cytokines from macrophages may eventually affect the outcome of the infection. Therefore, in the present study, a macrophage infection model with L. pneumophila (20) was used to determine the ability of EGCg to modulate macrophage immune functions.
performed in a Minicycler (MJ Research, Watertown, Mass.) for either 25 cycles and 60°C annealing temperature (BMG) or 40 cycles and 55°C annealing temperature (IFN-␥). The first cycle consisted of 5 min of denaturation at 94°C, a 5-min annealing at either 60 or 55°C, and then 25 to 40 cycles each of 1.5 min at 72°C, 45 s at 94°C, and 45 s at the annealing temperature for each primer, with a final extension of 10 min at 72°C. The PCR products were analyzed on an ethidium bromide-stained 2% agarose gel.
Statistical analysis. Statistical analysis was performed using a repeated-measures analysis of variance.
RESULTS

Effect of EGCg on L. pneumophila growth in macrophages.
Since it is known that the growth of L. pneumophila in macrophages is dependent on the activation of host macrophages (41) , treatment of macrophages with EGCg may alter the growth of L. pneumophila in cells if EGCg has any immunomodulatory activity related to the antibacterial activity of macrophages. As evident in Fig. 1 , treatment of macrophages with EGCg after infection with bacteria induced an inhibition of the growth of L. pneumophila in the cells in a dose-dependent manner. A marked inhibitory effect of EGCg for L. pneumophila growth occurred at a dose of 5 g/ml at 24 h after infection. Even as little as 0.5 g/ml significantly inhibited L. pneumophila growth at 48 h after infection. However, the inhibitions observed were not due to a killing effect, since the number of viable bacteria in EGCg-treated macrophages was substantial even with an EGCg concentration as high as 50 g/ml.
Direct antibacterial effect of EGCg on L. pneumophila. In order to determine whether EGCg has direct antibacterial activity on L. pneumophila, the growth of L. pneumophila in liquid bacterial medium without host cells in the presence and absence of EGCg (0.5 to 50 g/ml) was examined. As shown in Fig. 2 , EGCg could not alter L. pneumophila growth in the bacterial medium regardless of the concentration tested. Even as much as 500 g of EGCg/ml did not result in any alteration of L. pneumophila growth in the liquid medium (data not shown). Thus, these results indicate that EGCg does not have any direct anti-L. pneumophila activity at the concentrations tested.
Effect of EGCg on macrophage cytokine production induced by L. pneumophila infection. From the previous results, it seemed likely that EGCg could inhibit L. pneumophila growth due to macrophage activation. In order to determine such a possibility, the effect of EGCg on the production of macrophage cytokines was examined. As shown in Fig. 3 , treatment of macrophages with EGCg alone slightly induced macrophage IL-6 and TNF-␣ protein production at a high EGCg concentration, such as 50 g/ml, but this was not significant. EGCg treatment of macrophages also did not induce any macrophage IL-10 and IL-12 production. However, EGCg markedly upregulated the production of TNF-␣ and IL-12 induced by L. pneumophila infection, even at a concentration as low as 0.5 g/ml in the case of TNF-␣. In contrast, IL-10 production induced by L. pneumophila infection was strongly downregulated by EGCg in a dose-dependent manner. On the other hand, the production of IL-6 induced by L. pneumophila infection was not affected by EGCg, even at a concentration as high as 50 g/ml. EGCg at 50 g/ml also did not induce any detectable IFN-␥, as determined by ELISA (lower detection limit, 32 pg/ml) in the culture supernatants of macrophages uninfected or infected with L. pneumophila.
Involvement of enhanced cytokine production in inhibition of L. pneumophila growth by EGCg. Since both endogenous and exogenous TNF-␣ and IFN-␥ are known to activate macrophages to inhibit L. pneumophila growth (16, 19, 21, 27) , the involvement of enhanced TNF-␣ and IFN-␥, which was not detected in the culture supernatants by ELISA, in EGCginduced L. pneumophila growth inhibition was examined by neutralization with specific antibodies to these cytokines. Macrophages infected and treated with EGCg (50 g/ml) were incubated with either anti-TNF-␣ antibody, anti-IFN-␥ antibody, or control IgG, and the number of viable bacteria in the cultures was then determined at 24 and 48 h after incubation. As shown in Fig. 4 , treatment of macrophages with anti-TNF␣ antibody almost completely abolished the growth-inhibitory effect of EGCg at 24 h after infection. However, this abolishment effect of anti-TNF-␣ antibody decreased at 48 h after infection, since the number of viable bacteria in the infectiononly control cultures increased but not in the anti-TNF-␣ antibody-treated macrophage cultures. Furthermore, the control anti-TNF-␣-treated macrophages without EGCg showed more viable bacteria in the cultures at 48 h after infection. This enhancement of bacterial growth in anti-TNF-␣ antibodytreated macrophages has been observed previously as the result of neutralization of self-produced cytokines during infection (21) . Therefore, the abolishment of the EGCg-induced growth-inhibitory effect by anti-TNF-␣ antibody was partial at 48 h after infection compared with the control anti-TNF-␣ antibody-treated macrophages. In contrast, anti-IFN-␥ treatment of macrophages showed a partial abolishment of the EGCg-induced growth inhibition at 24 h after infection (Fig.  4) . However, at 48 h after infection, anti-IFN-␥ antibody treatment showed almost complete abolishment of the EGCg-induced growth inhibition. As observed in the control anti-TNF-␣ antibody-treated macrophages, the control anti-IFN-␥ antibody treated-macrophages also showed an increase in the number of viable bacteria in the cells at 48 h after infection. The control IgG-treated macrophages did not show alteration of the EGCg-induced growth inhibition.
Effect of EGCg on IFN-␥ mRNA expression induced by L. pneumophila infection. Since treatment with anti-IFN-␥ antibody induced a marked abolishment of the EGCg-induced growth inhibition, steady-state levels of IFN-␥ mRNA in macrophages infected with L. pneumophila unstimulated and stimulated with EGCg were analyzed by RT-PCR. As shown in Fig.  5 , mRNA for IFN-␥ was detected in L. pneumophila-infected cells at 24 h after infection, but not at 6 h. Moreover, when the macrophages were infected and treated with EGCg (50 g/ml), a remarkable enhancement of IFN-␥ mRNA accumulation was observed. EGCg (50 g/ml) alone did not induce any IFN-␥ mRNA in macrophages at either 6 or 24 h after treatment (data not shown).
Effect of cytokine neutralization on immunomodulatory activity of EGCg on cytokine production induced by L. pneumophila. In order to analyze the effect of TNF-␣ and IFN-␥ neutralization by antibodies on the EGCg (50 g/ml)-induced cytokine modulation of L. pneumophila-infected macrophages, IL-10, IL-12, and TNF-␣ production in antibody-treated macrophages was analyzed. As shown in Fig. 6 , treatment of mac- rophages with anti-TNF-␣ antibody almost completely neutralized TNF-␣ that was detected only minimally by ELISA. However, neither the upregulation of IL-12 nor the downregulation of IL-10 by EGCg was altered by anti-TNF-␣ antibody treatment at any time tested. The anti-IFN-␥ antibody treatment did not affect the upregulation of TNF-␣ production at any time or of IL-12 production at 24 h after infection, but significantly reduced the IL-12 production upregulated by EGCg treatment at 48 h after infection. The downregulated IL-10 production was not affected by treatment with anti-IFN-␥ antibody.
DISCUSSION
In the present study, the ability of EGCg to modulate macrophage immune functions was examined in vitro using L. pneumophila-infected MH-S murine alveolar macrophage cells. The results clearly indicated that EGCg strongly inhibits L. pneumophila growth in macrophages at a concentration as low as 0.5 g/ml. Previous studies have shown that EGCg has direct antimicrobial activity against a variety of pathogens (12, 34, 35, 38) , but the inhibitory activity required relatively high concentrations. For example, the MICs of EGCg for Staphylococcus aureus and Escherichia coli were 73 and 183 g/ml, respectively (12) . In the present study, L. pneumophila did not show any susceptibility to EGCg in bacterial culture medium, even at a concentration as high as 500 g/ml. However, a possible direct effect of EGCg on the growth of L. pneumophila may not be completely ruled out due to the limited experimental conditions used in this study. Nevertheless, it seems very likely that L. pneumophila may be resistant to the direct antibacterial effect of EGCg. In contrast, EGCg induced a strong indirect anti-L. pneumophila activity mediated by host cell activation. Nakayama et al. reported that EGCg has a strong anti-influenza virus activity at relatively low concentrations, such as 0.5 g/ml, showing a significant inhibition of plaque formation induced by influenza virus (26) . The mechanism proposed for the anti-influenza virus activity of EGCg was inhibition of virus adsorption to host cells by EGCg, because EGCg bound to the hemagglutinin of the influenza virus, followed by inhibition of hemagglutination by viruses (26) . Therefore, the inhibition mechanism of L. pneumophila growth in macrophages by EGCg demonstrated in this study seems to be different from the anti-influenza virus activity reported for EGCg.
As evident in this study, EGCg markedly modulated the immune response of macrophages to L. pneumophila infection and resulted in the inhibition of bacterial growth in the cells. The main effector molecules responsible for the inhibition may be TNF-␣ and IFN-␥ produced by macrophages. This conclusion is consistent with previous reports that both TNF-␣ and IFN-␥ are strong activators for macrophages to induce anti-L. pneumophila activity (2, 16, 19, 21, 27) . However, the neutralization experiments with anti-TNF-␣ antibody did not result in complete abolishment of the EGCg-induced anti-L. pneumophila activity at 48 h after infection. It can be conjectured, therefore, that TNF-␣ may only partially be involved in the anti-L. pneumophila activity of macrophages induced by EGCg in the late phase of infection, such as 48 h after infection. In contrast, IFN-␥ may be effective mainly in the late phase of infection, such as 48 h after infection, rather than the early phase (24 h) of infection, because neutralization experiments with anti-IFN-␥ antibody indicated that the partial abolishment of the EGCg-induced antibacterial activity was observed at the early infection phase but almost complete abolishment was observed at 48 h after infection. Such different involvement of TNF-␣ and IFN-␥ in the anti-L. pneumophila activity in the different infection phases seems likely to be linked to the limited effect of EGCg on bacterial growth in macrophages, which showed that the antibacterial activity of EGCg plateaus at 24 h (Fig. 1) . Nevertheless, these results suggest that both TNF-␣ and IFN-␥ might be involved in the anti-L. pneumophila activity of macrophages induced by EGCg. The production of IFN-␥ in the culture supernatants of macrophages infected with L. pneumophila and stimulated with EGCg could not be detected by ELISA. However, the enhanced expression of mRNA for the IFN-␥ gene in the macrophages stimulated with EGCg was observed. Furthermore, treatment of macrophages with anti-IFN-␥ antibody inhibited the EGCg-induced anti-L. pneumophila activity. From these results, it seems likely that even the amount of IFN-␥ induced by EGCg in response to L. pneumophila, although low and not detected by ELISA, may be involved in the EGCginduced anti-L. pneumophila activity. While it is generally considered that NK cells and activated T lymphocytes are the major source for IFN-␥, current studies indicate that macrophages also produce IFN-␥ (4, 8, 23, 29) . Therefore, IFN-␥ produced by macrophages may have an important role in the course of infection.
The EGCg treatment also modulated the production of IL-10 (downregulation) and IL-12 (upregulation) of L. pneumophila-infected macrophages. The cytokine IL-10 has been shown to exhibit important deactivating effects on macrophages in murine models of L. pneumophila (28) , leishmanial (1), and mycobacterial (3) infections. Moreover, it is known that IL-10 is secreted by L. pneumophila-infected monocytes and alveolar macrophages, enhances bacterial growth, reverses the protective effect of IFN-␥, and blocks the secretion of TNF-␣ by infected cells (28) . Therefore, downregulation of IL-10 by EGCg is likely to be involved in the EGCg-induced anti-L pneumophila activity of macrophages. However, such modulation may not be directly involved in the EGCg-induced anti-L. pneumophila activity of macrophages in vitro, since the diminution in anti-L. pneumophila activity was not associated with a change in IL-10 production.
IL-12 plays a key role in the development of Th1 responses, leading to IFN-␥ production (36) . Therefore, the suppression of IL-12 production by the IFN-␥ neutralization treatment observed at 48 h after infection seems likely to indicate an involvement of IL-12 in the EGCg-induced anti-L. pneumophila activity. However, such a possibility is also less likely due to the absence of other immune cells in the in vitro experimental system used. Nevertheless, it is obvious that EGCg could modulate the IL-10 and IL-12 production of infected macrophages and may have the potential to cause further immunomodulation in the immune system.
It has been reported that EGCg itself induces TNF-␣ from peripheral blood mononuclear cells (31) . However, in the present study, EGCg alone did not induce any significant induction of cytokines, including TNF-␣. This discrepancy may be due to the different cells used. The modulation of cytokine production of L. pneumophila-infected macrophages by EGCg was specific for certain cytokines, such as TNF-␣, IFN-␥, IL-10, and IL-12, but not IL-6. Similar observations regarding modulation of cytokine production by EGCg was also seen in macrophages stimulated with bacterial lipopolysaccharide (unpublished data). Therefore, the immunomodulatory effect of EGCg on macrophages may not be unique for infected macrophages. Further study to elucidate the mechanism(s) of the immunoregulation of macrophages by EGCg is under way.
The immunomodulatory effect of antimicrobial agents on immune cells, such as monocytes and lymphocytes, has been increasingly highlighted. In particular, the effects of macrolide as well as fluoroquinolone antibiotics on immune responses have been extensively studied (15, 17, 22, 30, 32) . However, the most important immunomodulatory activity of these antibiotics is an anti-inflammatory activity, such as suppressed cytokine production by immune cells. In this regard, the finding of anti-L. pneumophila activity of macrophages mediated by enhanced production of some cytokines by EGCg, which is not a chemotherapeutic agent or an antibiotic, may introduce a possible new alternative direction for treatment of bacterial infections.
In summary, we demonstrated that EGCg induces an anti-L. pneumophila activity of macrophages at a low dose without direct antimicrobial effect. EGCg selectively upregulated the production of IL-12 and TNF-␣ and downregulated IL-10 production, but did not modulate IL-6 production induced by L. pneumophila infection. Upregulation of the production of IFN-␥ by EGCg was also conjectured. Moreover, neutralization treatment of both TNF-␣ and IFN-␥ significantly abolished the anti-L. pneumophila activity of EGCg. These findings indicate that macrophages may be activated by EGCg to inhibit L. pneumophila growth in the cells by upregulated TNF-␣ and IFN-␥ production. This enhancement of the anti-L. pneumophila activity of EGCg may not involve modulation of IL-10 and IL-12 production.
